Transport across the nuclear envelope is regulated by nuclear pore complexes (NPCs). Much is understood about the factors that shuttle and control the movement of cargos through the NPC, but less has been resolved about the translocation process itself. Various models predict how cargos move through the channel; however, direct observation of the process is missing. Therefore, we have developed methods to accurately determine cargo positions within the NPC. Cargos were instantly trapped in transit by high-pressure freezing, optimally preserved by low-temperature fixation and then localized by immunoelectron microscopy. A statistical modelling approach was used to identify cargo distribution. We found import cargos localized surprisingly close to the edge of the channel, whereas mRNA export factors were at the very centre of the NPC. On the other hand, diffusion of GFP was randomly distributed. Thus, we suggest that spatially distinguished pathways exist within the NPC. Deletion of specific FG domains of particular NPC proteins resulted in collapse of the peripheral localization and transport defects specific to a certain karyopherin pathway. This further confirms that constraints on the route of travel are biochemical rather than structural and that the peripheral route of travel is essential for facilitated import.
Introduction
Nuclear pore complexes (NPCs) are the sole gates for regulated exchange of macromolecules between the nucleus and the cytoplasm. NPCs are composed of a cylindrical channel spanning the two membranes of the nuclear envelope (NE) and have opposing peripheral structures -the nuclear basket and cytoplasmic filaments (Goldberg and Allen, 1996; Yang et al., 1998; Stoffler et al., 2003) (for a review, see Lim et al., 2008) . Controversy remains over the organization of the central channel, knowledge of which is crucial for understanding the processes that govern exchange between the nucleus and the cytoplasm.
The first three-dimensional models that were developed to describe the structure of vertebrate and yeast NPCs proposed a centrally located transporter (Akey and Radermacher, 1993; Yang et al., 1998) . More recently, the central channel has been suggested to contain a randomly organized network of unfolded phenylalanine-glycine (FG) domains (Patel et al., 2007) . About one-third of the proteins composing the NPC (nucleoporins or Nups) contain FG domains, which constitute up to 10% of the NPC mass (Devos et al., 2006) . These domains adopt no secondary structure (Bayliss et al., 2000) , and are thought to be unfolded and highly dynamic (Denning et al., 2003; Lim et al., 2007) .
The translocation of most cargos through the NE is facilitated by karyopherins (Kaps). After binding to the cargo, Kaps are capable of overcoming the diffusion barrier of the NPC by an unconfirmed mechanism. Various models have been developed to describe the nature of the diffusion barrier and the means of translocation through the NPC (Rout et al., 2000; Ben Efraim and Gerace, 2001; Macara, 2001; Ribbeck and Gorlich, 2001) . Despite recent progress in this area (Peters, 2005; Lim et al., 2007; Frey and Gorlich, 2007) , it is still not known where within the NPC diffusion of smaller molecules takes place, and whether the biochemical translocation routes of distinct cargos through the channel are spatially separated or overlapping.
The interaction between Kaps and FG Nups is crucial for translocation, and numerous biochemical Kap-FG-Nup interactions have been documented (Iovine et al., 1995; Iovine and Wente, 1997; Marelli et al., 1998; Solsbacher et al., 2000; Denning et al., 2001; Bayliss et al., 2002; Matsuura et al., 2003) . Messenger ribonucleoprotein (mRNP) export is a complex coordinated process facilitated by nuclear transport factor Mex67 (known as TAP in humans) and many adaptor proteins (for a review, see Iglesias and Stutz, 2008) . Mex67/TAP triggers mRNP targeting to the NPC and the first steps of mRNA translocation. The terminal stage of mRNP export is mediated by DEAD-box protein Dbp5, among other adaptor proteins. Upon activation with Gle1, Dbp5 promotes mRNP remodelling and release from the NPC (Tran et al., 2007; Bolger et al., 2008) , and has a role in directionality and efficiency. Both Dbp5 and Gle1 have binding sites at the cytoplasmic NPC side, namely at Nup159 and Nup42, respectively (Hodge et al., 1999; Schmitt et al., 1999) . Similarly to the Kap import process, Mex67/TAP interacts with a subset of Nup FG domains. Biochemical evidence suggested that Kap95 might use different FG-binding sites to Mex67/TAP (Strawn et al., 2001; Allen et al., 2002; Blevins et al., 2003) ; this was further confirmed in deletion mutant screens (Terry and Wente, 2007) . However, whether mRNA export occupies a spatially different part of the NPC channel to protein import remains unclear.
Separation of active and passive transport was suggested by early three-dimensional models (Hinshaw et al., 1992; Akey and Radermacher, 1993; Yang et al., 1998) . Other studies have shown that transport and passive diffusion do not compete with each other (Naim et al., 2007; Kramer et al., 2008) . This suggests the functional or structural segregation of transport from passive diffusion.
However, contradictory observations of a common pathway for both passive and facilitated transport have also been reported (Feldherr and Akin, 1997; Keminer et al., 1999; Mohr et al., 2009 ). The requirement for specific FG domains for mRNA export was shown previously in an FG-domain deletion screen (Terry and Wente, 2007) . The same study also confirmed the existence of functionally independent active translocation pathways for Kap121 or Kap104 cargo transport; however, the study neither identified the spatial relationship between the import and export translocation routes nor tested for high-resolution changes in the NPC structure relating to the deletions (Terry and Wente, 2007) .
To address the spatial relationships between various translocation routes within the NPC, we further developed the work of Terry and Wente (Terry and Wente, 2007) . Using an immunoelectron microscopy approach, we quantified the spatial organization of different transport routes through the NPC for protein import via either Kap104 or Kap121. We then compared this with the positions of mRNA export factors Gle1 and Dbp5, and investigated the affects of FG-domain deletions on these routes. Importantly, we also followed the passive diffusion of unconjugated GFP to confirm or reject the existence of common or separate pathways for active and passive passage. Our analysis demonstrates distinct routes through the NPC and alterations of the route due to deletion of specific FG domains. The data also clearly distinguished active translocation routes from the passive diffusion of free GFP. Our findings provide new information on the mechanisms of translocation though the NPC.
Results

Spatially separated transport routes through the NPC
In this work, we aimed to characterize the locations of import and export routes through the NPC in Saccharomyces cerevisiae. Currently, electron microscopy is the only way to look directly at both structural and functional features of the nucleocytoplasmic transport process. By developing methods involving high-pressure freezing of live yeast cells, followed by low-temperature fixation and embedding (Walther and Ziegler, 2002) , we developed a strategy to reveal NPC details within whole cells, with coincident immunogold labelling of transport factors and cargos as markers of transport routes. Because cells are instantly frozen, molecules in transit are instantly trapped within the NPC channel. This is an important point because translocation is a rapid process and slow chemical fixation is unlikely to capture it. An inevitable consequence of this approach is that there is no direct control of where sections through NPCs are cut. Because of the cylindrical shape of the NPC channel, few sections will be cut through the NPC centre, whereas all sections run through the NPC edge. To account for this unavoidable bias, we developed a novel statistical modelling approach that allowed us to quantify the spatial distribution of labelled proteins within the NPC instantly trapped by cryofixation.
We collected data describing the positions of the proteins involved in transport within the NPC using transmission electron microscopy (TEM) in cryofixed and freeze-substituted yeast. To follow the protein import routes, we immunogold labelled sections of wild-type yeast transformed with Nab2-NLS-GFP [a marker of Kap104 import (Chaves and Blobel, 2001; Strawn et al., 2004) ] and Spo12-NLS-GFP [a marker of Kap121 import (Shulga et al., 2000; Strawn et al., 2004) ] with an anti-GFP antibody. To indicate the route of mRNA export, we stained sections with antibodies against the mRNA export factors Gle1 [anti-Gle1 (Suntharalingam et al., 2004) ] and Dbp5 (Bolger et al., 2008) , which function in the remodelling of the mRNP as it exits the NPC (Alcazar- Roman et al., 2006; Weirich et al., 2006; Tran et al., 2007) . Thus, labelling of Gle1 and Dbp5 provides markers for a terminal stage of mRNA export. Finally, we followed the diffusion of GFP through the NPC in yeast that expressed unconjugated GFP. The representative examples of electron micrographs displayed in Figs 1, 2 and 3 show that the various translocation marker proteins localized at different parts of the NPC channel. Kap104 and Kap121 cargos often localized near the NPC periphery ( Fig. 1) , whereas the mRNA export factors Gle1 and Dbp5 were predominantly located at the NPC centre (Fig. 2) . Interestingly, GFP seemed to have no preference for any part of the NPC channel (Fig. 3) .
To confirm this observation statistically, we sought the probability density functions (PDFs) that describe the likelihood of markers of import, export and diffusion being transported within the NPC relative to its central axis. First, we determined the exact 2774 Journal of Cell Science 123 (16) Fig. 1 . Import of Kap121 and Kap104 cargo proteins as viewed on thin sections of highpressure frozen, freeze-substituted and immunogold-labelled yeast. Representative TEM micrographs of yeast transformed with markers for Kap104 (Nab2-NLS-GFP) and Kap121 (Spo12-NLS-GFP) import immunolabelled with polyclonal anti-GFP primary antibody and anti-rabbit secondary antibody conjugated to 5 nm gold. Note the preferentially peripheral locations of the gold particles. n, nucleus; c, cytoplasm; npc, nuclear pore complex; inm, inner nuclear membrane; onm, outer nuclear membrane; r, ribosome; pm, plasma membrane. Scale bars: 50 nm. location of the gold particle (reflecting the position of the translocation event) within the NPC central channel by measuring the width of the sectioned NPC (l) and the position of the gold particle in relation to the sectioned NPC central axis (y), assuming that the NPC diameter is constant. Fig. 4A illustrates the relationship between the section location within the NPC and the actual locations of the gold particles in relation to the NPC centre (for details, see Materials and Methods). Fig. 4B shows how the 3D position of the gold particle within the NPC channel is displayed in the graph using the gold-particle location coordinates (y, l). Fig. 4B also highlights the sampling bias of sectioning, whereby all sections through an NPC centre contain information about the periphery of the NPC, but not vice versa. As a consequence, a narrow range of sections represent the NPC centre compared with the periphery. This is because the NPC centre (radius 19 nm) is only sampled in sections through the NPC where the measured half width (l) is 38-42 nm, whereas sections of l ranging from 0 to 38 nm only sample the periphery (Fig. 4A ). For this reason, in the graphs showing the raw data indicating the actual distributions of gold particles in the channel (the measured distance of the gold particle from the NPC section centre as a function of half the NPC section width, i.e. Fig.  4B , Fig. 5A , Fig. 6B ), the grey NPC centre is relatively small compared with the white region representing the periphery.
We collected data sets on Kap104 cargo, Kap121 cargo, Gle1, Dbp5 and GFP positions within the NPC (Fig. 5A ). The three graphs show that Kap104 and Kap121 cargos were primarily located close to the NPC edge ( Fig. 5A, top ; most of the data lie within the 'white' area of the graph, representing the peripheral NPC regions), whereas the locations of both Gle1 and Dbp5 were shifted towards the NPC centre ( Fig. 5A , middle; gold particles accumulated towards the NPC centre, represented by the grey area of the graph). Finally, more uniform locations of the GFP are shown in the bottom graph in Fig. 5A (gold particles are equally distributed along the y axis -'distance from the centre of the section, y').
The best fitting PDFs, which account for the sectioning bias, are shown in Fig. 5B . For the Kap104 cargo data, we found very strong evidence that the spatial distribution of particles was inconsistent with a uniform distribution (log-likelihood ratio test; G15.6, df2, P<0.001; null hypothesis for this test: 'the distribution of particles throughout the NPC is uniform'; for details of G and df, see Materials and Methods). Instead, the data suggest that, when Kap104 cargo is transported within the NPC, it is most likely to be located within 15-20 nm of the NPC edge (Fig. 5B , top, solid curve). Similarly, the Kap121 cargo data were also inconsistent with a uniform distribution (log-likelihood ratio test; G50.38, df2, P<0.001; null hypothesis for this test: 'the distribution of particles throughout the NPC is uniform'). Like Kap104, Kap121 cargo locations were estimated to lie mostly within 15 nm of the NPC edge ( Fig. 5B top, dashed curve).
There is an inherent imprecision in the indirect immunogold labelling used here, due to the distance between the centre of the gold particle and the epitope, which could be between 0 and 15 nm, depending on how the antibodies are oriented in relation to the epitope (Murphy et al., 1988; Ban et al., 1994; Iborra and Cook, 1998) . However, the resolution is sufficient to distinguish between 2775 Spatial routes through the NPC central or edge distribution, even when the highest error is considered. Our best-fit models estimate that there is a 79% and 85% probability a Kap104 or Kap121 cargo label will be located within 15 nm of the edge of the channel, respectively, supporting our conclusion that these cargos are positively associated with the NPC edge. Furthermore, the PDF curve is very steep near the NPC edge, suggesting that it indeed reflects where the epitope is centred.
In addition, the Gle1 and Dbp5 locations within the NPC were both found to be inconsistent with a uniform distribution (Gle1: log-likelihood ratio test; G32.0, df2, P<0.001; Dbp5: loglikelihood ratio test; G26.0, df2, P<0.001; null hypothesis for both tests: 'the distribution of particles throughout the NPC is uniform'). However, they were both estimated to most likely be located within 20 nm of the NPC centre ( Fig. 5B , middle; the probability of being located within the 20 nm of the NPC centre is 81% and 94% for Gle1 and Dbp5, respectively), suggesting that Gle1 and its Dbp5 binding partner were preferentially centrally located. Because the likelihood of cutting the section within the NPC centre (and thus spotting the central locations of the proteins) is much lower in comparison with the peripheral locations captured in every section, the centrally detected positions of Gle1 and Dbp5 confirm the reliability of our approach. Finally, the GFP locations were consistent with a uniform distribution (log-likelihood ratio test; G0.26, df2, P0.88; Fig. 5B , bottom; null hypothesis for this test: 'the distribution of particles throughout the NPC is uniform'). Overall, these analyses show that the NPC central channel contains spatially distinguished areas for different routes of transport.
Loss of specific FG domains disabled Kap121-but not Kap104-dependent transport
As FG domains are currently thought to be highly important for the facilitated passage of cargo through the NPC, we investigated the role of specific FG domains in determining spatial aspects of nucleocytoplasmic transport. Mutant strains had already been constructed that possess the minimal combination of FG domains necessary to maintain viability (Strawn et al., 2004; Terry and Wente, 2007) . Of those strains, we were particularly interested in the mutant ⌬N⌬C ⌬nup100GLFG ⌬nup145GLFG (⌬N and ⌬C correspond to nup1⌬FXFG nup2⌬FXFG nup ⌬60FXF and nup159⌬FG nup42⌬FG, respectively). Experiments with this set of FG deletions showed that there was a specific requirement for particular FG domains in the import of proteins dependent on either Kap104 or Kap121 (Terry and Wente, 2007) . Whereas Kap121-dependent protein import was impaired in in situ nuclear import assays, Kap104-dependent import was still functional. We were interested in how the loss of FG domains spatially influenced both Kap121-and Kap104-dependent transport routes. We asked whether the transport of Kap121 and Kap104 cargos still occurred close to the edge, like it does in the wild type, or whether there were any modifications associated with the transport defect, for instance, the accumulation of the protein at the NPC entrance, which might explain the defect.
Interestingly, we found that the distribution of Kap104 cargo in the ⌬N⌬C ⌬nup100GLFG ⌬nup145GLFG mutant was consistent with the non-uniform spatial distribution of Kap104 we identified earlier for the wild type (log-likelihood ratio test; G0.892, df2, P0.640; null hypothesis for this test: 'the distribution of gold particles between wild type and mutant is the same'). An example TEM micrograph is displayed in Fig. 6A . All data acquired for Kap104 cargo locations are presented in Fig. 6B , left. This graph clearly shows that, in the mutant, the majority of Kap104 cargo lies near the edge of the NPC. Fig. 6C , left, shows the best-fit PDFs for the wild type and the mutant, and illustrates their similarity, which is why our test was not statistically significant. This result suggests that active translocation of the Kap104 cargo near the channel periphery in the mutant is still functional, which is consistent with studies using biochemical assays (Terry and Wente, 2007) .
By contrast, the spatial location of Kap121-dependent import differed between the mutant and the wild type (log-likelihood ratio test; G30.2, df2, P<0.001; null hypothesis for this test: 'the distribution of gold particles between wild type and mutant is the same'), and the data suggest that bias towards the NPC edge was lost in the mutant (Fig. 6B, right) . In fact, the distribution of Kap121 cargos in the mutant strain was consistent with a uniform distribution (Fig. 6C , right, log-likelihood ratio test; G0.76, df2, P0.684; null hypothesis for this test: 'the distribution of particles throughout the NPC is uniform'), which suggests that pathway Sections are cut randomly through the NPC and immunogold labelled for TEM imaging. The distance of the gold particle (the particle chosen for analysis is marked by the white arrow and further represented by a black circle) from the NPC centre (y) and the half width of the sectioned NPC (l) are measured to determine the actual distance of the gold particle from the NPC centre (x). The grey central circle shows the position of the 'central channel' or 'transporter' with a radius (r c ) of ~19 nm, as defined in Yang et al. (Yang et al., 1998) and Alber et al. (Alber et al., 2007) . (B)Measured distances (l, y) are plotted for each data point to display the overall distribution of gold particles within the NPC. The dashed line marks the position of the NE and the grey area corresponds to the central area depicted in A. The black circle reflects the position of the gold particle in A.
defects are present in the mutant. Our analysis supports earlier findings and provides direct insight into the spatial impact on NPC transport in an FG-domain mutant.
Discussion
We looked at the translocation process within individual NPCs in well preserved, cryofixed, immunogold-labelled yeast. To our knowledge, this is the first structural analysis that demonstrates the existence of spatially distinct transport routes through the NPC and the direct effect of FG-domain deletion on movement through the channel itself. Our findings are supported by previous evidence suggesting distinct biochemical routes for mRNA export and protein import (Strawn et al., 2001; Blevins et al., 2003; Terry and Wente, 2007) . We found that protein import by Kap121 and Kap104, at least with the small cargos we have analysed, occurs preferentially at the NPC periphery. Importantly, our in vivo results are consistent with in vitro electron tomography experiments using isolated Dictyostelium nuclei, which showed that classical nuclear localization sequence (NLS)-cargo occupied the 20 nm central area of the channel with a relatively low density (Beck et al., 2007) . This suggests that the peripheral transport route might be common to biochemically distinct import pathways and is conserved among organisms.
Our observation of the central location of mRNA export factors within the NPC channel is supported by previous observations of mRNA export showing that a very large mRNP complex, the Balbiani ring granule, was translocated centrally (Mehlin et al., 1995; Kiseleva et al., 1998) . Moreover, Dbp5 was shown to travel through the NPC with the Balbiani ring granule mRNP complex in Chironomus tentans salivary glands (Zhao et al., 2002 ), suggesting (Yang et al., 1998) . (B)The best-fitting PDFs describing the position of cargos, Gle1, Dbp5 and GFP in relation to the horizontal distance (x) from the NPC centre. Whereas the best-fitting PDFs for both Kap121 and Kap104 cargos predicted an increasing likelihood of the Kap104 and Kap121 cargos being transported close to the NPC edge (top graph), the Gle1 and Dbp5 locations show the opposite trend (middle graph). The bottom graph shows the best fitting PDF for GFP. An asterisk indicates that this PDF is consistent with a uniform distribution. For Kap121 cargo n130, for Kap104 cargo n60, for Gle1 n117, for Dbp5 n33 and for GFP n136. that it too could travel centrally. Previous studies of isolated nuclei or NEs have suggested that protein-A-tagged Dbp5 resides on the cytoplasmic fibrils of the NPC in yeast and vertebrates (Schmitt et al., 1999) . The fibril localisation is consistent with our results because it has been shown that cytoplasmic filaments can extend into the centre of the NPC channel (Pante and Aebi, 1996; Rutherford et al., 1997; Goldberg et al., 2000) . This conformation might not generally be well preserved during isolation of NEs and/or nuclei (Schmitt et al., 1999 ), but will be by high-pressure freezing. In fact, in gently isolated yeast nuclei, most NPC cytoplasmic filaments are indeed oriented towards the centre (J.F. and M.W.G., unpublished), which would locate fibril-bound molecules over the centre of the channel. As Dbp5 requires Gle1 for its activation, the overlap of Gle1 and Dbp5 locations within the NPC found here is consistent with their coordinated function in mRNA export (Alcazar-Roman et al., 2006; Bolger et al., 2008) . The fact that Dbp5 and Gle1 have similar distributions in yeast NPCs strongly supports the hypothesis that mRNA export occurs through the centre of the channel.
Finally, our results suggested that the diffusion of GFP proceeds over the entire NPC width and thus overlaps with active translocation, as suggested previously (Feldherr and Akin, 1997; Keminer et al., 1999; Mohr et al., 2009 ). Importantly, this shows that the location of import to the periphery is not simply a default position due to occlusion of the centre by export complexes (Beck et al., 2007) , but rather is a biochemically determined localization that is specific to facilitated import. Our data thus provide clues to the long-standing question of whether diffusion takes place separately from the active passage of cargo.
Our results are consistent with specific prior hypotheses and associated data regarding the NPC transport mechanism. In the proposed hydrogel-like scenario (Ribbeck and Gorlich, 2001; Frey and Gorlich, 2007) , the permeability barrier is created by the sievelike structure of interacting FG domains. Overcoming this barrier is achieved upon binding of the transport receptor and transient disorder of the meshwork. If applied to the hydrogel model, our results suggest that specific binding sites might have specific locations within the meshwork. Additionally, the meshwork might not be homogeneous, but rather structured and organized to allow segregation of binding sites for different Kaps and transport factors into different zones within the transport channel. Thus, binding sites for Kap121 and Kap104 might be located closer to the NPC periphery, whereas the terminal stages of mRNA export might be located more centrally, depending on the position of the necessary effectors, such as Gle1 or Dbp5 (Alcazar-Roman et al., 2006; Weirich et al., 2006; Tran et al., 2007) . Simultaneously, diffusion of GFP, which does not rely on receptors, could proceed over the entire NPC width if the restrictive size of the sieves is larger than the diffusing object.
Models proposing random, undirected movement of cargo through the NPC based simply on virtual gating principles (Rout et al., 2000) and models assuming that the central part of the NPC channel is the only place for active translocation (Yang et al., 1998; Allen et al., 2000; Peters, 2005) are not supported by our findings. Our results also do not support models that restrict passive diffusion within distinct regions within the NPC (Hinshaw et al., 1992; Yang et al., 1998) , but directly suggest that the process of passive diffusion can proceed unrestricted over the entire NPC width and thus overlap with facilitated translocation.
More complex models based on virtual gating are, however, consistent with our results. In the 'brush-like' model (Lim et al., 2006) , the peripheral localization of the cargo after the reversible collapse of the FG domains upon cargo binding would be the expected consequence of translocation. Collapse of FG domains would result in their localization near the anchoring point, in other words near the NPC periphery. Larger cargos might require the coordinated assistance of more FG Nups positioned around the channel. This would result in more central translocation, as is seen in the case of 10 nm gold particles coated with nucleoplasmin and injected into Xenopus oocytes (Feldherr and Akin, 1997; Rutherford et al., 1997) .
Significantly, a new model (the 'Forest model'), based on in vitro biophysical studies of the properties and interactions of individual FG domains, predicts a highly organized structure of the NPC central channel containing different transport zones depending on the presence of specific FG domains (Yamada et al., 2010) . This study, similar to our findings, suggested the existence of separate zones for the transport of cargos of larger and smaller sizes located at the inner or outer part of the NPC channel, respectively. According to this study, both zones would permit the diffusion of small molecules. Our results are in good agreement with these findings and thus provide direct in vivo evidence for the proposed model.
Our work also further analyzed the basis for the differential impact of the mutation ⌬N⌬C ⌬nup100 GLFG ⌬nup145GLFG on Kap121 versus Kap104 import (Terry and Wente, 2007) . The peripheral localization, and coincident active transport, of Kap121 cargo was completely disabled by the deletions, resulting in Kap121 cargos moving through the NPC only by passive diffusion. This finding confirms that GLFG domains of Nup100 and Nup145 play indispensable roles in the facilitated passage of Kap121, but not Kap104, cargos. The results shown above demonstrate that our analysis is able to detect subtle changes and deviations in individual routes of passage through the NPC, and provide more detailed information on the process.
In conclusion, our immunoelectron microscopy approach, combined with statistical modelling, allowed us to distinguish between various spatial translocation routes. This is an important step necessary to understand the principles of nucleocytoplasmic transport and gating. Further analysis will be needed to reveal the spatial relationship between all the import and export pathways within the NPC, and the role of specific FG domains in their determination.
Materials and Methods
Plasmids and yeast strains
In this study, we used yeast strains SWY 2285 (genotype TRP1/trp1-1 LYS2/lys2 leu2-3,112/leu2-3,112 ura3-1/ura3-1 his3-11,15/his3-11,15) (Strawn et al., 2004) and SWY 3292 (genotype HA-LoxP-nup42FG myc-LoxP-nup159FG T7-LoxPnup1FXFGmyc-LoxP-nup2FXFG myc-LoxP-nup60FXF HA-LoxPnup100GLFG myc-LoxP-nup145GLFG) (Terry and Wente, 2007) . Yeast strains were grown in YPD (1% yeast extract, 2% peptone, 2% glucose) or in synthetic complete (SC) media with 2% glucose and lacking appropriate amino acids. Vectors used in this study are listed in supplementary material Table S1 . Vector cloning was performed according to standard molecular biology strategies.
High-pressure freezing and freeze substitution of yeast for TEM
Cells in log phase were high-pressure frozen using a Leica EM PACT (Leica Microsystems, Wetzlar, Germany) according to the manufacturer's instructions. Samples were then placed on top of frozen fixative (0.2% uranyl acetate, 0.2% glutaraldehyde, 0.01% osmium tetroxide, 5% H 2 O in acetone), and cryofixed and dehydrated using the Leica EM AFS freeze-substitution unit programmed as follows. T1: -90°C 49 hours; S1: 5°C increment per hour up to -25°C; T2: -25°C 12 hours; S2 0°C 0 hours; T3: -25°C 50 hours. When the S2 step was finished, acetone washes were performed (2ϫ15 minutes) and samples were infiltrated with Monostep Lowycril HM 20 at -25°C (Polysciences, Eppelheim, Germany) according to the manufacturer's recommendations. The resin polymerisation was then initiated and proceeded as follows. T1: -25°C 24 hours; S1: 5°C increment per hour up to 25°C; T2: 25°C 24-100 hours. When the polymerisation was finished, blocks were trimmed and 60 nm sections were cut for TEM immunogold labelling.
Immunogold labelling
Fresh sections were picked up on Formvar-coated nickel grids and rinsed with 0.1% glycine in PBS three times for 1 minute, blocked in 1% BSA in PBS four times for 1 minute and incubated with primary antibody in a wet chamber for 1 hour at room temperature. Excess antibody was removed by rinsing in PBS four times for 2 minutes. A secondary anti-rabbit antibody (Agar Scientific, Stansted, UK) conjugated with 5 nm colloidal gold diluted 1:20 was applied for 1 hour at room temperature. Grids were rinsed in PBS three times for 5 seconds, washed in PBS four times for 2 minutes and washed in distilled water ten times for 1 minute each before poststaining with 1% uranyl acetate for 10 minutes and Reynold's lead citrate for 10 minutes. Grids were air dried and observed at 120 kV accelerating voltage with a Hitachi H-7600 transmission electron microscope.
Primary antibodies used in this study were rabbit polyclonal anti-GFP (Abcam, Cambridge, UK) used in 1:50 dilution, affinity-purified rabbit polyclonal antibody against Gle1 (anti-Gle1) [WU851 (Suntharalingam et al., 2004) ] in 1:10 dilution and affinity-purified rabbit polyclonal antibody against Dbp5 (anti-Dbp5) [ASW42 (Bolger et al., 2008) ].
Data collection and analysis
To investigate the spatial organisation of transport routes within the NPC, we measured the positions of gold particles (reflecting the positions of Spo12-NLS-GFP, Nab2-NLS-GFP, GFP, Gle1 and Dbp5) within multiple NPCs on immunogoldlabelled TEM sections. Based on the assumption that NPCs do not differ in size, we assumed that the radius of all NPCs (i.e. half the longest distance between the two membranes on TEM sections) was L42 nm, as the longest measured distance between membranes was 84 nm. Previous estimates of this distance of the NPC have ranged between 78 and 84 nm (Yang et al., 1998; Alber et al., 2007) . The actual horizontal distance from the cargo to the centre of the NPC, denoted x was determined using:
where l is half the width of the sectioned NPC and y is the horizontal distance of the gold particle from the midway point of the sectioned NPC (see Fig. 4 ). For our analysis, we only selected images in which the cargo was within 15 nm of the NPC horizontal central plane (Fig. 4) , as these are most likely to be in transit. All measurements were made using ImageJ software (http://rsbweb.nih.gov/ij/).
To describe how different transport pathways vary in relation to their distance from the NPC centre, we did the following. For each set of data associated with the distribution of Kap121, Kap104, Gle1, Dbp5 and GFP within the NPC, we sought a PDF, denoted f(x), that best described the likelihood that a measured gold particle would be located at distance x from the centre of the NPC (0≤x≤L). Unfortunately, f(x) cannot be estimated directly from the distance measurements taken from sections, because sections do not always run through the centre of the NPC. However, assuming f(x), and knowing the width of the sectioned NPC (2l), the likelihood that a gold particle will be located distance y from the centre of the NPC section is:
where c(l) is a normalising constant defined by:
Here, we assumed that f(x) was logistic in form:
where a and b are parameters and c 0 is the normalising constant,
The logistic function was chosen as it can describe three likely situations regarding the distribution of particles relative to the centre of the NPC. When b0, f(x) is constant, which is consistent with a random distribution of cargo particles. However, non-zero values of b reflect a monotonic increase (b>0) or a monotonic decrease (b<0) in cargo density with increasing distance from the centre of the NPC. Models, defined by f(x), were fitted to the data as follows. Suppose N NPCs were sectioned and analysed, and let the number of gold particles measured within NPC i be denoted n i . Also, let l i denote half the measured width of NPC i, and let y i,j denote the measured horizontal distance from the centre of the NPC to the j-th The best-fitting parameter estimates, also called maximum-likelihood parameter estimates, are the a and b that maximise Eqn 6. Our analyses considered two types of statistical test. First, we looked for evidence that the distribution of particles throughout the NPC for the wild-type strains differed from a uniform distribution. Second, we looked for evidence that the distribution of particles differed between the mutant and the wild-type strains. For the first type of test, we considered two cases for f(x). First, we assumed that cargo was randomly transported through the NPC by setting b0, making f(x)1/L. The maximum loglikelihood for this case (i.e. the value of Eqn 6) is denoted LL 0 . Next, we examined the case in which both a and b were free to vary and found the maximum loglikelihood for the data (i.e. we found the a and b that maximise Eqn 6), which we denote LL 1 . A log-likelihood ratio test was then used to see whether there was evidence that the non-uniform distribution better described the distribution of gold particles. The test statistic in this case is the deviance, defined by G2 (LL 1 -LL 0 ) . If the data were generated by the simpler model, then G is approximately chi-square distributed with two degrees of freedom (df), as the two models for f(x) are nested and the more complex model has two additional free parameters (Sokal and Rohlf, 1994) . For the second type of test, we combined the wild-type and the mutant data and fitted a single f(x), allowing a and b to vary. Next, we fitted f(x) separately to the wild-type and the mutant strain data, again allowing a and b to vary separately for each strain. For this test, LL 0 is the maximum log-likelihood when assuming a single f(x) for both data sets and LL 1 is the sum of the two maximum log-likelihoods when assuming separate f(x) for both data sets. The degrees of freedom for this test is also 2, as allowing the f(x) to differ between the two strains requires two additional parameter estimates. In this case, rejecting the null hypothesis implies that there is evidence that the distribution of particles within the NPC differed between the wildtype and mutant strain. Results from all tests performed are summarized in supplementary material Table S2 .
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LL(a, b | Data) = ln (6) g( y i , j , l i ) .
